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. 
ABSTRACT 

A s  p a r t  o f  t h e  C i v i l  Space T e c h n o l o g y  I n i t i a -  I 

t i v e  ( C S T I )  f idvanced T e c h n o l o g y  p r o g r a m ,  a concep-  
t u a l  a e s i g n  o f  t h e  S t i r l i n g  space d n g i n e  ( S S E )  was 
g e f i e r a t e d .  The o v e r a l l  g c a l  o f  t n d  C S T I  h i g h  
c a p a c i t y  power e l e m e n t  i s  t o  d e v e l o p  t h e  t e c h n o l o g y  
base needed t o  meet t h e  l o n g  d u r a t i o n ,  h i g h  

0-l U') c a p a c i t y  power r e q u i r e m e n t s  f o r  f u t u r e  PIASA space 
d co m i s s i o n s .  The f r e e - p i s t o n  S t i r l i n g  e n g i n e  ( F P S E )  

1 has been chosen as t h e  g r c w t h  o p t i o n  i n  t hc  C S T I  
W 

p r o g r a m .  A major  g o a l  d u i  i n g  t h e  c o n c e p t u a l  d e s i g n  
o f  t h e  S S E  w a s  t o  r ? d u c e  t h e  number o f  c r i t i c a l  
j o i n t s .  One a r e a  o f  c o l i c e r n  was t h e  h e a t  exchanger  
a s s e m t l i e s  t h a t  t y p i c a l l y  have t h e  m a j o r i t j  o f  
c r i t i c a l  j o i n t s .  The s o l u t i o n  p r o p o s e d  i n  t h e  SSE 
c o n c e p t u a l  d e s i g n  used 45 m o d u l a r  h e a t  e x c h a n g e r s .  
Each modu le  nas  i t s  own i n t e g r a l  h e a t  p i p e  t o  
t r a n s p o r t  h e a t  f r o m  t h e  h e a t  s o u r c e  t o  t h e  e n g i n e .  

P d e m o n s t r a t i o n  o f  t h e  m o d u l a r  conceDt  was 
u n d e r t a k e n  b e f o r e  c o m m i t t i n g  t o  t h e  d e t a i l e d  d e s i g n  
o f  t h e  SSE h e a t  e x c h a n g e r s .  An e x i s t i n g  FPSE was 
m o d i f i e d  as a t e s t  bed for m o d u l a r  h e a t  exchanger  
e v a l u a t i o n .  The e n g i n e  i n c o r p o r a t e d  t h r e e  h e a t  
e x c h a n g e r  modu les ,  each h a v i n g  a sod ium f i l l e d  h e a t  
p i p e .  The t h e r m a l  l o a d i n g  o f  t h e s e  modu les  was 
i n t e n d e d  t o  be s i m i l a r  t o  t h e  c o n d i t i o n s  p r o j e c t e d  
f o r  t h e  SSE m o d u l e s .  The e n g i n e  was assemb led  and 
t e s t s  a r e  underway .  

T h i s  p a p e r  b r i e f l y  d e s c r i b e s  t h e  d e s i g n  and 
f a b r i c a t i o n  G f  t h e  h e a t  e x c h a n g e r  modu les  and t h e  
e n g i n e  used for t h e s e  t e s t s .  E v a l u a t i o n  of t h e  
i n d i v i d u a l  h e a t  p i p e s  b e f o r e  i n s t a l l a t i o n  i n  t h e  
e n g i n e  i s  d e s c r i b e d .  The i n i t i a l  t e s t  r e s u l t s  
w i t h  t h e  modu les  i n  o p e r a t i o n  o n  t h e  e n g i n e  are 
p r e s e n t e d .  F u t u r e  t e s t s  i n v o l v i n g  t h e  e n g i n e  a r e  
o u t 1  i ned.  

INTRODUCTION 

The f r e e - p i s t o n  S t i r l i n g  e n g i n e  ( F P S E )  has 
been chosen  as  t h e  g r o w t h  o p t l o n  for  t h e  C i v i l  
Space T e c h n o l o g y  I n i t i a t i v e  ( C S T I )  Advanced Tech- 
n o l o g y  p r o g r a m .  The g o a l  o f  t h i s  p r o g r a m  i s  t o  
d e v e l o p  t h e  t e c h n o l o g y  needed t o  a l l o w  f o r  t h e  
d e v e l o p m e n t  o f  a 100 kN e l e c t r i c  power s y s t e m  f o r  
u s e  i n  f u t u r e  space m i s s i o n s .  H e a t  w i l l  be g e n e r -  
a t e d  b y  a n u c l e a r  r e a c t o r  and t h e  S t i r l i n g  e n g i n e  
N i l 1  t h e n  be used t o  c o n v e r t  t h a t  h e a t  t o  e l e c t r i c -  
i t y  t h r o u g h  a f r e e - p i s t o n  S t i r l i n g  e n g i n e l l  i n e a r  
a l t e r n a t o r  c o n f i g u r a t i o n .  

4s d p a r t  s f  t h i s  Advariied T ? c h c ? i o g y  Zrogram.  
t h e  c o i c e p t u a l  d e s i g n  c f  a f r e e - a i s : o n  S t i - l i n g  
s 3 a - e  e n g i n e  ( S S E )  v ios  g c n e i ' a t e d .  - h i ;  N a s  p e r -  
f \ j . -me: ,.noer a NASA c f i ; l r r 'ac t  and ?.ai seen :epor;ezi 
i n  k e f .  I .  I h c  i 7 i  " C  !'";50 K ;  s11pe:di Io: ;  5c lE i j  
ai- i n t e t m e d i a t e  t e s t  r j n d i t i o n  oetviee' i  t h c  3!7 "C  
(653 K) space power a e n o n s t r a t o r  e n g i n e  ( S P C E )  ana 
t h e  e v e r t t u a i  IO27 O C  ( 1 3 0 0  K )  r e f r a c : o r y  v e r s i o n  
of t h e  SSE. For  n u c l e a r  space power a p p l i c a t i o n s ,  
s j ' ; t t . m  c p t i m i z a t i o n  b i . j e d  c n  min imum n a s s  : n d i c a t e s  
t h d t  the,:e 2 n g i n e s  shc.. i ld o p e r a t e  w i t h  t h e  remce-a -  
t u r e  r a t i o  a t  2 . 0 .  

The SSE i s  a s i n g l e  c y l i n d e r  f r e e - p i s ; o n  
S t i r l i n g  e n g i n e  ( F P S E )  d e s i g n e d  t o  p r o d u c e  2 5  kW 
of e l e c t r i c  power .  The e n g i n e  mus t  s a t i s f y  b o t h  
e f f i c i e n c y  and mass g o a i s  w h i l e  o p e r a t i n g  a t  a t e m -  
p e r a t u r e  r a t i o  of  2 .0 .  The d i f f i c u l t i e s  i n  c r e a t -  
i n g  a h i g h l y  e f f i c i e r i t  and l o w  mass FPSE w h i l e  
b e i n g  l i m i t e d  t o  a t e m p e r a t u r e  r a t i o  o f  2 .0 ,  was 
f i r s t  i n v e s t i g a t e d  w i t h  t h e  SPDE.  The SPDE p r o g r a m  
has been r e p o r t e d  i n  R e f s .  2 t o  4 .  

F u t u r e  m i s s i o n s  u t i l i z i n g  t h e  C S T I  power s y s -  
t e m  r e q u i r e  b o t h  l o n g  l i f e  and r e l i a b i l i t y .  These 
r e q u i r e m e n t s  caused  t h e  SSE d e s i g n e r s  t o  p r o p o s e  a 
u n i q u e  h e a t  exchanger  module conceDt  t h a t  w o u l d  
d r a s t i c a l l y  r e d u c e  t h e  number o f  c r i t i c a l  j o i n t s .  
T h i s  m o d u l a r  h e a t  e x c h a n g e r  was p r o p o s e d  as a 
r e p l a c e m e n t  f o r  t h e  p r e v i o u s l y  used t u b e  and s h e l l  
h e a t  e x c h a n g e r .  

O n l y  40 h e a t  exchanger  modu les  a r e  r e q u i r e d  
t o  power t h e  25  kW S S E .  T h i s  was c o n s i d e r e d  an 
improvemen t  o v e r  p r e v i o u s  h e a t  e x c h a n g e r  d e s i g n s  
such as u s e d  i n  t h e  SPDE w h i c h  had a p p r o x i m a t e l y  
3200 b r a z e d  t u b e s  i n  t h e  h e a t e r  and 3800 b r a z e d  
t u b e s  i n  t h e  c o o l e r .  The l a r g e r  number o f  b r a z e d  
j o i n t s  i n  t h e  SPDE was a r e s u l t  o f  t h e  d e c i s i o n  t o  
use s t a n d a r d  t u b e  and s h e l l  h e a t  e x c h a n g e r s .  Each 
b r a z e  j o i n t  r e p r e s e n t s  a p o t e n t i a l  s i n g l e  p o i n t  
f a i l u r e .  The p r e l i m i n a r y  d e s i g n  o f  t h e  SSE i s  c u r -  
r e n t l y  b e i n g  p e r f o r m e d  b y  M e c h a n i c a l  T e c h n o l o g y  
I n c o r p o r a t e d  ( M T I )  o f  Latharn, NY,  u n d e r  c o n t r a c t  
t o  NASA L e w i s  R e s e a r c h  C e n t e r .  

T h i s  r e p o r t  p r e s e n t s  a b r l e f  d e s c r i p t i o n  o f  
t h e  d e s i g n ,  f a b r i c a t i o n .  and o p e r a t i o n  of t h e  h e a t  
exchanger  m o d u l e s .  E v a l u a t i o n  o f  t h e  i n d i v i d u a l  
h e a t  p i p e s  b e f o r e  b e i n g  i n s t a l l e d  o n  t h e  e n g i n e  i s  
a l s o  d e s c r i b e d .  R e s u l t s  f r o m  t h e  i n i t i a l  t e s t  r u n s  
a r e  p r e s e n t e d  and d i s c u s s e d .  
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MODULAR HEAT EXCHANGER CONCEPT 

The m o d u l a r  h e a t  exchanger  c o n c e p t  was p r o -  
posed for use i n  t h e  SSE i n  an e f f o r t  t o  r e d u c e  t h e  
number o f  c r i t i c a l  j o i n t s  t h a t  form t h e  p r e s s u r i z e d  
b o u n d a r y  o f  t h e  e n g i n e .  Each modu le  c o n t a i n s  ( 1 )  a 
h e a t  exchanger  used  t o  t r a n s f e r  h e a t  to  t h e  w o r k i n g  
f l u i d  o f  t h e  e n g i n e ,  ( 2 )  a r e g e n e r a t o r ,  and ( 3 )  a 
c o o l e r  t o  remove was te  h e a t  f r o m  t h e  c y c l e .  A h e a t  
p i p e  was p r o p o s e d  as  t h e  h e a t  t r a n s p o r t  d e v i c e  used  
t o  d e l i v e r  h e a t  t o  t h e  modu le .  E v a l u a t i o n  o f  t h e  
m o d u l a r  c o o l e r  was not i n c l u d e d  i n  t h i s  p r o j e c t .  
F i g u r e  1 shows a model o f  one  h e a t  exchanger  
modul e .  

A d e c i s i o n  r e g a r d i n g  t h e  g e n e r a l  t y p e  o f  h e a t  
exchanger  t o  b e  used  i n  t h e  SSE was r e q u i r e d  e a r l y  
i n  t h e  p r e l i m i n a r y  d e s i g n  e f f o r t .  The t u b e  and 
s h e l l  c o n c e p t ,  t h e  m o d u l a r  h e a t  e x c h a n g e r s ,  a l o n g  
w i t h  o t h e r  c a n d i d a t e s  were  b e i n g  c o n s i d e r e d .  
Because t h e  SSE p r e l i m i n a r y  d e s i g n  e f f o r t  c o u l d  
l e a d  t o  a l o n g  t e r m  commi tment  t o  a p a r t i c u l a r  h e a t  
e x c h a n g e r ,  a p r o t o t y p e  t e s t  p r o g r a m  i n v o l v i n g  modu- 
l a r  h e a t  e x c h a n g e r s  w o u l d  b e  i n  t h e  b e s t  i n t e r e s t  
o f  t h e  o v e r a l l  SSE p r o j e c t .  A t e s t  u s i n g  an e x i s t -  
i n g  f a c i l i t y  a l o n g  w i t h  e x i s t i n g  e n g i n e  ha rdware ,  
t o  d e m o n s t r a t e  t h e  m o d u l a r  h e a t  exchanger  c o n c e p t ,  
was d e v e l o p e d .  T h i s  t e s t  was d e s i g n e d  t o  p r o v i d e  
m o d u l a r  h e a t  exchanger  t e s t  d a t a  a t  a v e r y  s m a l l  
c o s t  i n  a t i m e l y  manner ,  long b e f o r e  a commi tment  
t o  a p a r t i c u l a r  h e a t  exchanger  was made. 

HEAT EXCHANGER MODULE TEST ENGINE 

E x i s t i n g  h a r d w a r e  f r o m  t h e  RE-1000 FPSE was 
u s e d  a s  t h e  b a s i s  f o r  t h e  h e a t  e x c h a n g e r  modu le  
t e s t  r i g .  S e n s i t i v i t y  t e s t s  i n v o l v i n g  t h e  RE-1000 
were  d e s c r i b e d  i n  R e f .  5 .  A s  was t h e  c a s e  w i t h  t h e  
RE-1000. t h i s  e n g i n e  was d e s i g n e d  t o  o p e r a t e  a t  
7.0 MPa h e l i u m  mean p r e s s u r e ,  a n d  a t  30 Hz e n g i n e  
f r e q u e n c y .  

The d e s i g n  a n d  f a b r i c a t i o n  o f  t h e  h e a t  
e x c h a n g e r  modu les  and  e n g i n e  components  were  
p e r f o r m e d  b y  Sunpower I n c . ,  o f  A t h e n s ,  OH, u n d e r  
c o n t r a c t  t o  NASA L e w i s .  Thermacore  I n c . ,  o f  
L a n c a s t e r .  PA, p e r f o r m e d  t h e  h e a t  p i p e  d e s i g n ,  fab- 
r i c a t i o n ,  a n d  p r o c e s s i n g .  W h i l e  t h e  SSE c o n c e p t u a l  
d e s i g n  c o n t a i n e d  40 modu les  a r o u n d  t h e  e n g i n e  c y l -  
i n d e r ,  t h r e e  modu les  a r o u n d  t h i s  s m a l l e r  e n g i n e  
s i m u l a t e  t h e  SSE modu le  t h e r m a l  l o a d  w i t h i n  a c c e p t -  
a b l e  l i m i t s .  A c u t a w a y  o f  t h e  e n g i n e  i s  shown i n  
F i g .  2 .  

S l o t s  embedded i n  t h e  w a l l  o f  t h e  condensers  
o f  t h e  h e a t  p i p e s  a c t  as  t h e  h e l i u m  passages  form- 
i n g  t h e  h e a t e r  o f  t h e  e n g i n e .  A d j a c e n t  t o  t h e  
e n g i n e  h e a t e r  s e c t i o n  o f  t h e  modu le  i s  t h e  r e g e n e r -  
a t o r  c a v i t y .  Any o n e  o f  s e v e r a l  d i f f e r e n t  t y p e s  o f  
r e g e n e r a t o r s  can  b e  i n s t a l l e d  i n  t h i s  c a v i t y . .  The 
c a v i t y  can  b e  c o m p l e t e l y  f i l l e d  w i t h  t h e  r e g e n e r a -  
tor m a t r i x ,  or as was t h e  case  i n  t h e  NASA L e w i s  
t e s t s ,  a n  a n n u l a r  r e g e n e r a t o r  can  b e  used .  The 
a n n u l a r  r e g e n e r a t o r  was chosen  because i t  was l e s s  
s u s c e p t i b l e  t o  f l o w  m a l d i s t r i b u t i o n  fo r  t h i s  p a r -  
t i  c u l  a r  g e o m e t r y .  

i n  t h e  s e n s i t i v i t y  t e s t  r e s u l t s  were  a t  600 O C  

The h i g h e s t  t e m p e r a t u r e  d a t a  p o i n t s  r e p o r t e d  

a v e r a g e  h e a t e r  t u b e  t e m p e r a t u r e .  3ecause ssd ium 
i s  used  f o r  t h e  l i q u i d  m e t a l  n e a t  transpo1.T sys tem 
i n  t h e  SSE, i t  was a l s o  used i n  t h e  t e s t  modu les .  
Most t e s t s  w i l l  b e  c o n d u c t e d  a t  t e m p e r a t u r e s  
be tween  5 2 7  OC (800 K )  and 6 7 7  OC: !950 K ) .  S p e c i a l  
t e s t s  have  been p l a n n e d  r i  t h  :he e v a p o r a r o r  :emper- 
a t u r e  r a n g i n g  as  h i g h  as 7 7 7  "C ( 1 0 5 0  K )  for s n o r t  
p e r i o d s .  D u r i n g  t h e  s e n s i t i v i t y  t e s t s  t h e  maxirrium 
power o u t p u t  was a p p r o x i m a t e l y  1500 W .  Because tr:e 
m o d u l a r  h e a t  e x c h a n g e r s  were d e s i g n e d  t o  o p e r a t e  a t  
h i g h e r  t e m p e r a t u r e s  t h a n  i n  pas: RE-1900 t e s t s ,  t h e  
e n g i n e  s h o u l d  be c a p a b l e  of p r o d u c i n g  n e a r l y  2000 W 
o f  i n d i c a t e d  power .  

Due to t h e  n a t u r e  of t h i s  r e s e a r c h  and t h e  
t e s t  f a c i l i t y  e n v i r o n m e n t ,  t h e  d e s i g n  p h i l o s o p h y  
used  i n  t h i s  p r o j e c t  r e q u i r e d  t h e  h e a t  p i p e s  and 
h e a t  e x c h a n g e r s  t o  be made more r u g g e d  t h a n  t h e  
e v e n t u a l  space f l i g h t  h a r d w a r e .  The h e a t  p i p e s  and 
t h e  modu les  i n  g e n e r a l  d o  n o t  r e p r e s e n t  a d e s i g n  
o p t i m i z e d  f o r  h i g h  p e r f o r m a n c e  or minimum rna:s, b u t  
r a t h e r  a d e s i g n  w i t h  a h i g h  p r o b a b i l i t y  o f  success -  
f u l  and sa fe  o p e r a t i o n .  The w a l l s  of t h e  h e a t  
p i p e s  were  s i z e d  such  t h a t  t h e y  c o u l d  w i t h s t a n d  
f u l l  e n g i n e  p r e s s u r e  i n  t h e  e v e n t  of a l e a k  i n  t h e  
h e a t  e x c h a n g e r  t h a t  a l l o w e d  t h e  p r e s s u r i z e d  h e l i u m  
i n t o  t h e  h e a t  p i p e .  These somewhat t h i c k e r  w a l l s  
r e q u i r e  a h i g h e r  t e m p e r a t u r e  d r o p  t o  d r i v e  t h e  h e a t  
i n t o  t h e  sod ium a l o n g  w i t h  a n o t h e r  t e m p e r a t u r e  d r o p  
as  t h e  h e a t  i s  t r a n s f e r r e d  f rom t h e  sod ium t o  t h e  
e n g i n e  w o r k i n g  f l u i d .  

e x c e s s  w o r k i n g  f l u i d .  T h i s  e x c e s s  i s  i n  t h e  form 
o f  a l i q u i d  p o o l .  aecause o f  t h e  v a r i a t i o n  i n  t h e  
d e n s i t y  o f  t h e  v a p o r ,  t h e  amount of e x c e s s  l i q u i d  
w i l l  change as  t h e  v a p o r  t e m p e r a t u r e  changes .  I n  
a z e r o  g r a v i t y  e n v i r o n m e n t  t h e  e x c e s s  f l u i d  has a 
t e n d e n c y  t o  a c c u m u l a t e  a t  t h e  condenser  of t h e  h e a t  
p i p e .  
form o f  i n v e n t o r y  c o n t r o l ,  however  t h i s  was n o t  
a t t e m p t e d  i n  t h i s  t e s t  p rog ram.  

The h e a t  exchanger  modu le  t e s t  e n g i n e  i s  
shown i n  t h e  t e s t  c e l l  i n  F i g .  3 .  and  a c l o s e r  
v i e w  o f  t h e  modu les  i s  shown i n  F i g .  4 .  The evap-  
o r a t o r s  o f  t h e  t h r e e  h e a t  p i p e s  a r e  l o c a t e d  above 
t h e  c o n d e n s e r s  and  t h e r e f o r e ,  due t o  t h e  f l u i d  
f o r c e s  and g r a v i t a t i o n a l  f o r c e s ,  t h e  e x c e s s  l i q u i d  
w i l l  a c c u m u l a t e  a t  t h e  end  o f  t h e  c o n d e n s e r s  o f  
t h e  h e a t  p i p e s .  I n  t h i s  case  t h e  l i q u i d  pool w i l l  
b e  a d j a c e n t  t o  t h e  r e g e n e r a t o r .  L i q u i d  sod ium has 
a p p r o x i m a t e l y  t h e  same t h e r m a l  c o n d u c t i v i t y  a s  t h e  
s t a i n l e s s  s t e e l  h e a t  exchanger  b o d y .  The p r e s e n c e  
of r e l a t i v e l y  low t h e r m a l  c o n d u c t i v i t y  l i q u i d  
sod ium p o o l  a t  t h e  end o f  t h e  e n g i n e  h e a t e r  
i n c r e a s e s  t h e  o v e r a l l  t h e r m a l  r e s i s t a n c e  of t h e  
h e a t  exchanger  and hence  compromises  i t s  
e f f e c t i v e n e s s .  

The t e s t  s t a n d  and m o u n t i n g  b r a c k e t s  for  :he 
e n g i n e  were  d e s i g n e d  so t h a t  t h e  e n t i r e  e n g i n e  
c o u l d  be i n v e r t e d  and o p e r a t e d  w i t h  t h e  condensers  
of t h e  h e a t  p i p e s  above t h e  e v a p o r a t o r s .  I n  t h i s  
g r a v i t y  a s s i s t e d  mode o f  o p e r a t i o n ,  t h e  excess  l i a -  
u i d  sod ium i n v e n t o r y  s h o u l d  c o l l e c t  as  a pool i n  
t h e  e v a p o r a t o r .  The condenser  w i l l  t h e r e f o r e  have 
n o  e x c e s s  l i q u i d  t o  i n h i b i t  h e a t  t r a n s f e r  t o  t h e  
e n g i n e  w o r k i n g  f l u i d ,  and  s h o u l d  a l l o w  h e a t  t o  be 

H e a t  p i p e s  t y p i c a l l y  c o n t a i n  some amount of 

T h i s  c o u l d  p o t e n t i a l l y  b e  a l t e r e d  b y  some 
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t r a n s f e r r e d  e f f e c t i v e l y  t o  t h e  h e l i u m  w o r k i n g  f l u i d  
o f  t h e  e n g i n e  a l o n g  t h e  e n t i r e  l e n g t h  of t h e  h e l i u m  
f low passages .  A n o t i c e a b l e  e f f e c t  o n  t h e  tempera-  
t u r e  g r a d i e n t  o f  t h e  h e a t e r  n e a r  t h e  r e g e n e r a t o r  i s  
a n t i c i p a t e d .  A s e r i e s  o f  t h e r m o c o u p l e s  have  been 
l o c a t e d  i n  t h e  w a l l  o f  t h e  h e a t e r  n e a r  t h e  r e g e n e r -  
a t o r  t o  a l l o w  t h i s  change t o  be measured.  

The h e a t  p i p e s  were  d e s i g n e d ,  f a b r i c a t e d ,  and 
p r o c e s s e d  b y  Thermacore .  These h e a t  o i p e s  use  a 
s i n t e r e d  powder  m e t a l  w i c k  w i t h  two a r t e r i e s  p e r  
p i p e .  F i g u r e  5 shows a c u t a w a y  v i e w  o f  one of t h e  
h e a t  p i p e s .  , A l t h o u g h  t h e  p i p e s  a r e  c a p a b l e  o f  
o p e r a t i n g  w i t h  o n l y  one  a r t e r y ,  t h e  second a r t e r y  
was i n c o r p o r a t e d  t o  p r o v i d e  a d e g r e e  o f  r e d u n d a n c y .  
The h e a t  p i p e s  were  e v a l u a t e d  s e v e r a l  t i m e s  d u r i n g  
t h e  f a b r i c a t i o n  p r o c e s s  t o  v e r i f y  t h e i r  p e r f o r m -  
ance  r e l a t i v e  t o  t h e  d e s i g n  s p e c i f i c a t i o n s .  The 
e v a l u a t i o n  was done w i t h  t h e  e v a p o r a t o r s  above t h e  
c o n d e n s e r s  i n  o r d e r  t o  v e r i f y  t h e  a b i l i t y  o f  t h e  
w i c k  and a r t e r i e s  t o  o p e r a t e  a g a i n s t  g r a v i t y .  A 
w a t e r  c o o l e d  gas  gap c a l o r i m e t e r  was mounted a r o u n d  
t h e  condenser  and  u s e d  as  t h e  t h e r m a l  l o a d .  The 
t e m p e r a t u r e  o f  each h e a t  p i p e  was v a r i e d  as  t h e  
t e s t  p r o c e e d e d .  These t e s t s  v e r i f i e d  t h e  h e a t  f l u x  
c a p a b i l i t y  o f  t h e  h e a t  p i p e s  and  t h e  e x p e r i m e n t a l  
s o n i c  l i m i t  o f  t h e  h e a t  p i p e s  a g r e e d  w i t h  t h e  ana- 
l y t  i c a  l p r e d  i c t i o n s  . 

TEST PLANS 

C u r r e n t  p l a n s  a r e  t o  c h a r a c t e r i z e  t h e  h e a t  
e x c h a n g e r s  w i t h  e v a p o r a t o r s  above  t h e  condensers  
as  t h e  b a s e l i n e  c a s e ,  and  t h e n  i n v e r t  t h e  e n t i r e  
e n g i n e  and  r e p e a t  t h e  t e s t  m a t r i x .  The t e s t  m a t r i x  
has  been  k e p t  r e l a t i v e l y  s m a l l  i n  an e f f o r t  t o  make 
t h e s e  t e s t s  more  t i m e l y .  E n g i n e  p e r f o r m a n c e  w i l l  
be s t u d i e d  and compared t o  compu te r  p r e d i c t i o n s .  
More  s p e c i f i c a l l y ,  t h e  t e m p e r a t u r e  g r a d i e n t  o f  t h e  
r e g e n e r a t o r  end  o f  t h e  h e a t e r  w i l l  be measured f o r  
b o t h  o r i e n t a t i o n s  and compared t o  p r e d i c t i o n s  from 
s e v e r a l  d i f f e r e n t  compu te r  s i m u l a t i o n s .  

O t h e r  t e s t s  have been  p r o p o s e d  f o r  t h i s  e n g i n e  
t h a t  a r e  n o t  d i r e c t l y  r e l a t e d  to t h e  use  o f  h e a t  
p i p e s  or  m o d u l a r  h e a t  e x c h a n g e r s .  E f f e c t s  o f  s e a l  
c l e a r a n c e s ,  h e a t  exchanger  m a n i f o l d i n g ,  c e n t e r  p o r t  
s y s t e m s ,  and o t h e r  p a r a m e t e r s  may be s t u d i e d . '  I f  
t h e  need  a r i s e s ,  a l t e r n a t e  h e a t  p i p e  and m o d u l a r  
h e a t  exchanger  d e s i g n s  can be t e s t e d .  The p r e s e n t  
s e t  o f  m o d u l a r  h e a t  e x c h a n g e r s  a r e  m e c h a n i c a l l y  
a t t a c h e d  t o  t h e  e n g i n e  and can be removed and 
r e i n s t a l l e d .  

TEST RESULTS 

The e n g i n e  was i n i t i a l l y  o p e r a t e d  i n  September  
1988.  L i m i t e d  t e s t i n g  has  been  p e r f o r m e d  w i t h  t h e  
h e a t  p i p e  e v a p o r a t o r  t e m p e r a t u r e s  r a n g i n g  from 8 7 5  
t o  1050 K .  A l l  o f  t h e  t e s t i n g  t o  d a t e  has  been  
w i t h  t h e  e v a p o r a t o r s  p h y s i c a l l y  l o c a t e d  above t h e  
c o n d e n s e r s .  

The i n i t i a l  g o a l s  o f  t h e s e  t e s t s  were  t o  
d e m o n s t r a t e  t h e  f e a s i b i l i t y  o f  t h e  m o d u l a r  h e a t  
exchanger  and t o  p r o v i d e  o p e r a t i o n a l  e x p e r i e n c e  
w i t h  m o d u l a r  h e a t  e x c h a n g e r s  o n  a n  e n g i n e  u s i n g  
l i q u i d  m e t a l  h e a t  p i p e s .  These g o a l s  have  been  
a c c o m p l i s h e d  and o p e r a t i o n  o f  t h e  m o d u l a r  h e a t  

exchanger  has been d e m o n s t r a t e d .  P e r f o r m a n c ?  r,f 
t h e  e n g i n e  w i t h  t h e  modu les  i s  c u r r e n t l y  b e i n g  
s t u d i  e d .  

D u r i n g  t h e s e  t e s t s .  t h e  e n g i n e  ha; n o t  Seen 
o p e r a t e d  a t  c o n d i t i o n s  n e c e s s a r y  t o  p r o d u c e  Taximcm 
power ,  y e t  t h e  t h e r m a l  l o a d i n g  i n  t h e  h e a t  p i p e s  
and  h e a t  exchangers  has  v e r i f i e d  f e a s i b i l i t y  o f  t h e  
m o d u l a r  d e s i g n  and a g r e e d  w e l l  w i t h  p r e d i c t e d  p e r -  
f o r m a n c e .  The r e d u c e d  Dower o u t p u t  o f  t h e  e n g i n e  
has been caused b y  a s h o r t  d i s p l a c e r  s t r o k e .  T h i s  
r e d u c e d  d i s p l a c e r  s t r o k e  causes  t h e  D r e s s u r e  phase 
a n g l e  t o  d e c r e a s e .  E x c e s s i v e  l e a k a g e  from t h e  d i s -  
p l a c e r  gas s p r i n g  or i m p r o p e r  damping  w i t h i n  t h e  
h e a t  exchanger  f low p a t h  may be t h e  cause of t h e  
r e d u c e d  s t r o k e .  Because t h i s  d i s p l a c e r  u t i l i z e s  
wear  c o u p l e s  i n s t e a d  o f  gas b e a r i n g s ,  a s m a l l  
amount o f  wear i s  e x p e c t e d  i n  t h e  d i s p l a c e r  gas 
s p r i n g  w i t h  u s e .  E n g i n e  p e r f o r m a n c e  w i l l  i m p r o v e  
as t h e  t e s t  p r o g r a m  c o n t i n u e s  w i t h  components  
b e i n g  upgraded  as  needed.  

Measured and  c a l c u l a t e d  t e m p e r a t u r e  p r o f i l e s  
a l o n g  t h e  h e a t  p i p e  a r e  i n  a g r e e m e n t .  F i g u r e  6 
shows a c o m p a r i s o n  o f  t h e  measured and  c a l c u l a t e d  
t e m p e r a t u r e s  f o r  one of t h e  d a t a  p o i n t s  r e c o r d e d .  
Based o n  t h e  t h e r m a l  e n e r g y  b e i n g  t r a n s p o r t e d  
t h r o u g h  t h e  h e a t  p i p e ,  t e m p e r a t u r e  d r o p s  a t  b o t h  
t h e  e v a p o r a t o r  and condenser  were  c a l c u l a t e d .  The 
t e m p e r a t u r e  d r o p s  t h r o u g h  t h e  s t a i n l e s s  s t e e l  w a l l  
and t h e  s a t u r a t e d  w i c k  have  been t a k e n  i n t o  
a c c o u n t .  A c o r r e l a t i o n  p u b l i s h e d  i n  R e f .  6 was 
used f o r  t h e  t h e r m a l  r e s i s t a n c e  o f  t h e  s i n t e r e d  
powder  m e t a l  w i c k .  T h i s  c o r r e l a t i o n  i s  a f u n c t i o n  
o f  r e s i s t i v i t y  o f  t h e  sod ium and t h e  w i c k  m a t e r i a l .  
The summat ion  o f  t h e  e v a p o r a t o r  and condenser  tem- 
p e r a t u r e  d r o p s  were  compared t o  t h e  measured v a l u e .  

d r o p  w h i l e  t h e  measured v a l u e  was 7 9  "C. The c a l -  
c u l a t i o n  assumed t h a t  v a p o r  w i t h i n  t h e  h e a t  p i p e  
a c t e d  i s o t h e r m a l l y .  I n  r e a l i t y  t h e r e  was some 
s m a l l  p r e s s u r e  and t e m p e r a t u r e  d r o p  i n  t h e  sod ium 
v a p o r .  The d a t a  p o i n t  chosen  f o r  t h i s  example  was 
n o t  n e a r  t h e  s o n i c  l i m i t ,  t h e r e f o r e  a v a p o r  temper -  
a t u r e  d r o p  o f  10 O C  i s  q u i t e  p l a u s i b l e  [ 6 1 .  
A l t h o u g h  t h i s  a s s u m p t i o n  was r e a s o n a b l e  a t  t h e  con- 
d i t i o n s  o f  t h e  sample  d a t a  p o i n t ,  i t  w o u l d  n o t  be 
a p p r o p r i a t e  were  t h e  h e a t  p i p e  o p e r a t i n g  a t  t h e  
s o n i c  l i m i t .  

The c a l c u l a t i o n  p r e d i c t s  a 6 9  O C  t e m p e r a t u r e  

A n a l y s i s  o f  t h e  d a t a  a l s o  s u g g e s t s  t h a t  t h e  
measured t e m p e r a t u r e s  may be i n  e r r o r  b y  u p  t o  
20 O C  due t o  a g i n g  e f f e c t s  o f  t h e  t y p e  K t he rmocou-  
p l e s .  The i n t e g r i t y  o f  t h e  t h e r m o c o u p l e s  and t h e  
i n s t a l l a t i o n  t e c h n i q u e s  used  a r e  b e i n g  e v a l u a t e d .  
A p p r o p r i a t e  c o r r e c t i o n s  w i l l  be made and q u a l i t y  
measurements  o f  t h e  t e m p e r a t u r e  p r o f i l e s  o f  t h e  
h e a t  p i p e ,  t h e  h e a t  e x c h a n g e r ,  and t h e  e n g i n e  work -  
i n g  gas w i l l  be made i n  f u t u r e  r u n s .  

W i t h  t h e s e  r e s u l t s ,  t h e  p e r f o r m a n c e  o f  s i m i l a r  
h e a t  t r a n s p o r t  sys tems  can  be e v a l u a t e d .  T h i s  Com- 
p a r i s o n  was based  o n  b u l k  t e m p e r a t u r e  a t  each end 
o f  t h e  h e a t  p i p e  and does n o t  l o o k  a t  t h e  tempera -  
t u r e  g r a d i e n t  a n t i c i p a t e d  a t  t h e  c o n d e n s e r ,  causeO 
b y  t h e  n o n u n i f o r m  t h e r m a l  d raw o f  t h e  e n g i n e .  

3 



SUMMARY 

Conceptual  des ign  o f  an advanced FPSE f o r  
space power a p p l i c a t i o n ,  t h e  SSE. proposed t h e  use 
o f  a new concept i n  hea t  exchanger des ign  which 
r e p l a c e d  conven t iona l  t ube  and s h e l l  hea t  exchang- 
e r s .  The SSE rep resen ts  an advance i n  techno logy  
from the  377 O C  (650 K )  SPDE toward  t h e  techno logy  
needed for  the  1027 "C (1300 K) eng ine .  The new 
hea t  exchanger module concept  was o f f e r e d  as a 
means o f  d r a s t i c a l l y  r e d u c i n g  t h e  number o f  c r i t i -  
c a l  j o i n t s  i n  t h e  hea t  exchanger assembly.  
t h e  SSE p r e l i m i n a r y  des ign  t a s k  r e q u i r e s  cho ice  o f  
a hea t  exchanger concept  t h a t  w i l l  have l o n g  l a s t -  
i n g  i m p l i c a t i o n s ,  a r e l a t i v e l y  low c o s t ,  near  te rm 
demons t ra t i on  o f  t h e  hea t  exchanger concept  was 
under taken t o  b e n e f i t  t h e  o v e r a l l  program. 

An eng ine  was des igned w i t h  modular hea t  
exchangers wh ich  s i m u l a t e d  t h e  o p e r a t i n g  cond i -  
t i o n s  o f  t he  SSE.  The t e s t  eng ine  used o n l y  t h r e e  
hea t  exchanger modules i n s t e a d  o f  t h e  40 t h a t  would 
be r e q u i r e d  f o r  t h e  proposed SSE des ign ;  however, 
t h e  o p e r a t i n g  c o n d i t i o n  o f  each module was t h e  same 
as on the  S S E .  The t h r e e  modules, a l o n g  w i t h  o t h e r  
necessary  hardware, were b u i l t  and eng ine  t e s t i n g  
s t a r t e d .  

S ince  

The concept  o f  modular hea t  exchangers w i t h  
i n t e g r a l  hea t  p i p e s  has opera ted  s u c c e s s f u l l y  on 
t h e  eng ine .  
p i p e s  agree w e l l  w i t h  t h e  a n a l y t i c a l  models.  
p e r a t u r e  drops  and t h e  c o n d i t i o n s  a t  wh ich  the  

Measured c h a r a c t e r i s t i c s  o f  t h e  hea t  
Tem- 

son ic  l i m i t  i s  encountered a l s o  agree w i t h  models.  
These t e s t s  have e s t a b l i s h e d  f e a s i b i l i t y  o f  t he  
modular hea t  exchanger concept  for  use i n  f u t u r e  
FPSE des igns .  The eng ine  i s  c u r r e n t l y  o p e r a t ' n g  
a t  reduced power l e v e l s .  T e s t i n g  w i l l  c o n t i n u e  as 
improvements a r e  made t o  t h e  hardware :o inc rease  
t h e  performance. 
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FIGURE 2. - CUTAWAY OF HEAT EXCHANGER TEST ENGINE. 
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FIGURE 3. - HEAT EXCHANGER TEST ENGINE BEING READIED FOR TESTING. 
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FIGIIRE 4. - HEAT l X I W i € R  MOWLES ATTACHED TO THE ENCIIIE. 
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